The plant-parasitic nematode Heterodera schachtii induces specific syncytial feeding 55 sites in the roots of Arabidopsis thaliana from where it withdraws all required nutrients. Therefore, syncytia have to be well supplied with assimilates and generate strong sinks in the host plant's transport system. Import mechanisms and consequent accumulation of sucrose in syncytia were described recently (Hofmann et al., 2007) .
70
The beet cyst nematode Heterodera schachtii induces syncytial feeding sites in the roots of its hosts. Infective second-stage juveniles (J2) migrate towards plant roots and penetrate intracellulary towards the vascular cylinder where they pierce a single cell with their stylet to release secretions (Golinowski et al., 1996) . In the following 75 hours the affected plant cells start to hypertrophy. The central vacuoles disintegrate into several small vesicles, nuclei enlarge and the number of organelles, such as plastids, mitochondria and structures of the endoplasmic reticulum, increase (Golinowski et al., 1996) . Cell walls are dissolved locally along plasmodesmata, thus giving rise to the formation of a syncytium. About two weeks after infection the 80 nematodes reach maturity and are associated with a syncytium that is typically composed of several hundred cells (Golinowski et al., 1996; Grundler et al., 1998) .
During the sedentary phase of the second developmental stage the unisex J2s differentiate into females or males. Hitherto, only little is known about the factors influencing sex determination, but nutrient availability and composition appear to be 85 essential factors (Betka et al., 1991; Grundler et al., 1991) .
Successfully established syncytia serve as the sole nutrient source for the obligate parasitic cyst nematodes. The nematodes withdraw solutes in repeated feeding cycles, each consisting of three phases (Wyss, 1992) . First, the stylet is carefully inserted into the syncytium and the nematode releases secretions that lead to the 90 formation of a feeding tube. Second, nutrients are withdrawn and third, the stylet is retracted and the feeding tube is removed from the stylet orifice. One feeding cycle lasts for about 1.5 h during which about 65% of the time is spent withdrawing nutrients. Nematode feeding is interrupted by molting events that last for about 20 h (Wyss, 1992) . 95
The formation of feeding sites is accompanied by a massive solute import into syncytia leading to highly elevated sucrose levels and, thus, to a high osmotic pressure (Böckenhoff, 1995; Hofmann et al., 2007) . In general, plant cells cope with excessive amounts of sugars by the formation of starch that accumulates in plastids as water-insoluble granules. The starch molecules elongate by linkage of ADP-100 glucose to the non-reducing end of an α 6 However, the major component of starch is amylopectin, which is synthesized by branching enzymes forming α -1,6 O-glycosidic bonds. As soon as sugars are required by the cell, starch is degraded by several enzymes such as glucan-water dikinases, debranching enzymes, starch phosphorylases, amylases and 105 glucosidases (Dennis and Blakeley, 2000) . Starch is the major form of carbohydrate storage in plants. It is synthesized mainly during photosynthesis in the light period buffering CO 2 fixation, or in storage organs like tubers, bulbs or seeds (Dennis and Blakeley, 2000) . In recent years numerous studies have been performed to increase knowledge of starch metabolism, including in the model plant Arabidopsis thaliana 110 (Zeeman et al., 2002; Siedlecka et al., 2003; Delvallé et al., 2005; Lloyd et al., 2005; Dumez et al., 2006) . In most of these studies plant leaf material of wild type and mutant lines was used to investigate starch metabolism under different light regimes or altered sugar concentrations. The results indicate that starch synthesis and degradation are regulated by sugar levels rather 115 than by the photoperiod.
Although there are some studies on sugar import into nematode-induced syncytia, hardly anything is known about sugar processing and sugar metabolism. Starch granules have been observed in early ultrastructural studies in syncytia of Nacobbus sp. and surrounding cells in sugar beet and tomato roots (Schuster et al., 1964; 120 Jones and Payne, 1977) , but this has never been investigated in detail in these or other nematodes that induce feeding sites. In the present study we monitored the occurrence of starch in nematode-induced syncytia and analyzed the expression of genes involved in starch metabolism. Our results give a detailed description of this part of carbohydrate metabolism in syncytia. They support the concept of syncytia 125 being formed as new heterotrophic plant structures that use starch as intermediate carbohydrate storage in order to compensate fluctuating sugar levels occurring during nematode feeding and development. 7 exposing roots to light and culturing in sugar enriched medium. HPLC analysis showed a massive starch accumulation in syncytia, while levels of starch in control roots were low at all tested time points (Fig. 1) . The most dramatic increase of starch content occurred in 10-day-old syncytia showing levels of starch 10-times higher than in non-infected roots. Later, the levels decreased steadily until 20 day after 140 inoculation (dai). In order to validate our data we measured starch levels in Arabidopsis leaves (data not shown) and found that they were similar to previously published data .
Starch Granules Are Formed in Syncytial Plastids 145
Ultrastructural investigations revealed few small starch granules randomly occurring in plastids present in cells of different tissues of the vascular cylinder in the elongation zone of non-infected roots. Syncytial plastids were not altered structurally and contained starch granules only very rarely during the J2 developmental stage 150 which lasts until about the seventh dai ( Fig. 2A) . In syncytia associated with thirdand fourth-stage juveniles, plastids were morphologically strongly modified and acquired cup-like shapes, thus appearing ring-shaped on sections. Within such plastids large starch granules could be detected (Fig. 2B) . Starch granules were found abundantly in syncytia abandoned by males or associated with prematurely 155 degenerated females (Fig. 2C ). In these cases the lack of sugar withdrawal by the nematode and the subsequent increase of sugar levels in the cells were apparently compensated for the formation of starch until the syncytia eventually degraded. In cells around syncytia no conspicuous accumulation of starch granules occurred.
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Expression of Genes Involved in Starch Metabolism Is Strongly Influenced by
Nematode Infection
Encouraged by the high accumulation of starch in nematode-induced syncytia we studied the expression of genes involved in the starch metabolic pathway by a 165 transcriptome approach. RNA isolated from micro-aspirated syncytial protoplasts was hybridized onto Affymetrix gene chips. For this purpose, we selected an early developmental stage (5 dai) as well as fully developed (15 dai Table S I. The most highly up-regulated gene at all studied time points was the granule bound starch synthase (GBSS1) followed by several genes involved 175 in both starch synthesis and degradation. With a minimum threshold of 1.5-fold regulation (log 2 ), almost half of the listed genes in table S I were up-regulated and only two genes (both UDP-glycosyltransferases) were down-regulated at 15 dai.
Comparing five and 15 day old syncytia, there were hardly any differentially expressed genes; some genes were expressed at lower levels at 21 dai compared 180 with 15 dai. Most of the 56 recorded genes were markedly up-regulated at 15 dai.
Only six genes showed the highest expression level at 5 dai and none at 21 dai.
However, at all three time points we found genes coding for enzymes involved in different steps of starch synthesis and degradation. Therefore, we could not assign particular developmental stages to particular parts of starch metabolism at the gene 185 expression level.
In order to visualize the involvement of the different genes in starch metabolism we used the MapMan 2.0.0 software that offers a concise tool to illustrate gene expression in different metabolic pathways and is publicly available at the GABI home page http://gabi.rzpd/projects/MapMan. We applied the software to our gene 190 dataset of 15 dai syncytia ( 
qRT-PCR Analysis
In order to confirm the gene chip data, the expression of several highly regulated genes involved in starch synthesis and degradation was tested by qRT-PCR and 210 compared with the results obtained from the chip (Table I ). In most cases both values matched very well, even though samples for the gene chip data were derived from micro-aspirated material whilst dissected syncytia containing surrounding root cells were used for qRT-PCR. Only the data of 20 dai syncytia obtained by qPCR were consistently lower than the ones from the chip. 215
Results from both techniques indicate that the expression of genes involved in starch metabolism is minimal in cells surrounding the syncytia; this confirms our microscopic observations. The selected genes coding for enzymes involved in starch synthesis and degradation were up-regulated in 5 dai syncytia already. Five of the six genes analyzed were consistently expressed at 5, 10, and 15 dai; the sixth showed a slight 220 increase in expression from 5 to 15 dai. However, at 20 dai the fold changes of all genes decreased.
Infection Test
225
The functional role of one of the genes differentially regulated in syncytia, starch synthase 1 (SS1), was evaluated in a nematode infection assay using a T-DNA insertion line (Atss1). This mutant line was shown previously to contain 23% less starch in leaves at the end of the illumination period (Delvallé et al., 2005) . The loss of function insert in this line was located in the intron of the genomic sequence but a 230 protein could not be detected. We tested the seeds for homozygosity and grew plants on Knop medium without sugar supplement (see Materials and Methods). Two weeks after inoculation, when females and males can be discriminated clearly, nematodes were counted and the infection rate was calculated per cm of root length. Results of the infection assay showed a reduction in the number of males and females, and a 235 significant reduction (p < 0.05) in the total number of developing juveniles on the Atss1 plants when compared with the wild type (Fig. 4) 
DISCUSSION 240
During co-evolution, cyst nematodes achieved the ability to induce feeding sites that serve as an interface to orchestrate plant transport mechanisms and supply them with nutrients in the appropriate quantity and quality. Assuming soluble carbohydrates are an essential source of energy, syncytial feeding sites have to 245 contain high levels of sugars that can be taken up by the nematodes. In fact this has been shown recently (Hofmann et al., 2007) . On the other hand it is improbable that sugar transport into syncytia is entirely adapted to the temporal and quantitative demand of the parasites. Thus, we hypothesized that starch acts as intermediate storage to compensate for fluctuating sugar levels and demands that occur during 250 the different phases of nematode feeding and development. To examine this, we monitored the presence of starch and examined the starch metabolism in syncytia.
Plants generally compensate for excess sugar due to photosynthetic activity during the day time by starch synthesis. During the dark period, plants switch to heterotrophy and degrade the accumulated starch. In this process, plants are thought 255 to respond to altering sugar levels rather than to light-to-dark transition (Fondy and Geiger, 1982) .
Starch acts as a buffer against excessive sugar levels in plant cells. At first sight it seems astonishing that it is synthesized in syncytia, which serve as the exclusive nutrient source of the feeding nematodes. In fact, a massive transfer of sugars from 260 the host plant´s phloem into syncytia occurs that leads to the necessary high levels of sugars (Hofmann et al., 2007) . Sugar import has been shown to be performed via transporters at the beginning of syncytium formation and via plasmodesmata at later stages (starting around 10 dai) (Juergensen et al., 2003; Hoth et al. 2005 , Hofmann and Grundler, 2006 , 2007a Hofmann et al., 2007) . It could be anticipated that a 265 continuous sugar demand induces an equivalent transport, thus establishing a physiological equilibrium. However, sugar demand by the nematodes fluctuates due to their feeding behavior and their developmental phases. Nematode feeding consists of repeated cycles, during which the stylet is inserted into the syncytium, secretions are released through the stylet, nutrients are withdrawn form the 270 syncytium and the stylet is retracted again. Depending on the developmental stage a single feeding cycle lasts for 1.5 to 2 hr with short feeding interruptions (Wyss, 1992) .
However, these intermissions might be too short to induce the deposition of starch granules in the syncytia. In order to grow, the nematodes have to molt their cuticle, including the stylet. Therefore, during molting no food is withdrawn. Molting, however, 275 lasts for about 20 hr and is even longer than a usual light period. During this phase the import of plant solutes into syncytia may remain constant, thus leading to an excess of sugar in syncytia (Hofmann et al., 2007) . In this way a situation occurs in which starch synthesis is induced as a common response of the plant cells. Further studies have to be performed in order to prove this concept. 280
The amount of nutrients withdrawn by the nematodes may also play a major role in the dynamics of starch metabolism. Nutrient up-take by nematodes increases considerably during their development. While young J2s take up comparatively small volumes (0.4 to 0.6 times the syncytium volume per day), adult females withdraw as much as four-fold the syncytium content per day (Sijmons et al, 1992) . Moreover, 285 compared to male nematodes, females feed for a much longer period and thus take up more nutrients. In Brassica napus their total calculated food consumption was about 29 times higher than that of males (Müller et al., 1981) . Further, adult females stay alive for about two months until egg production is completed and they finally die.
Therefore, we conclude that high sugar levels in young syncytia could induce the 290 accumulation of starch; starch will be degraded during later stages of nematode development. As shown in Fig. 1 , starch content was highest in syncytia at 10 dai, when plasmodesmata are formed between syncytia and the phloem, and thereafter decreased constantly.
Knowledge of starch metabolism in nematode feeding sites is very limited. Among 295 the few published transcriptome analyses of feeding sites only Bar-Or et al. (2005) mentioned the expression of the tomato GBSSII, SBE and two putative starch synthases upon infection of root-knot nematodes. Here we present detailed analysis of gene expression using micro-aspirated syncytia and the Affimetrix gene chip technology that enabled us to study the involvement of all genes related to starch 300 formation and degradation in syncytia according to their present annotation and their availability on the chip[a1]. suggested that genes regulated in the same metabolic pathways should show a clustered expression. They found, however, no such expression pattern during the circadian cycle. In the present work, the expression of the majority 305 of the up-regulated genes peaked at 15 dai. Interestingly, these genes include those coding for enzymes responsible for both synthesizing and degrading starch, indicating either a high turn over of starch and/or a distinct role of fine tuning on the post-transcriptional level.
310
The initial and thus decisive regulatory enzymatic reaction for starch synthesis in leaves is catalyzed by ADP-Glc pyrophosphorylase (AGPase) .
This enzyme consists of a large subunit (APL) that is encoded by four genes (APL1-4) in Arabidopsis and a small subunit (APS) encoded by two genes (but only APS1 encodes a functional AGPase). Mutational analyses have shown that most of the 315
AGPase activity in leaves derived from APL1 and APS1 (reviewed in . In the present study, it was shown that APL2-4 were weakly expressed in noninfected Arabidopsis roots, whilst APL1 was moderately expressed. In syncytia, APL3
was the highest up-regulated gene among the APL-family. The transcript levels of APL2 and APL3 have been shown to increase several fold after glucose or sucrose 320 application into Arabidopsis leaves in the dark (Sokolov et al., 1998) . This indicates that the high sucrose level in nematode-induced syncytia affects the expression of these genes. Two other genes (At1g74910, At2g04650) belong to the ADP-glucose pyrophosphorylase gene family, but there is no further information so their function is a matter of speculation. 325
The next step in the starch metabolic pathway is the formation of amylase, during which ADP-glucose is linked to the non-reducing end of an α -glucan chain. This reaction relies on the activity of the starch synthase that is encoded by five genes in Arabidopsis. The transcript level of one of these starch synthases, GBSS1, is highly elevated at the beginning of the illumination phase and changes dramatically during 330 the photoperiod . In contrast to other starch synthases, GBSS1 is bound to starch granules. suggested that GBSS1 is destroyed during starch degradation as it is released from the granules and has to be produced again during starch synthesis. In the present work a high up-regulation of GBSS1 was found in nematode-induced syncytia, which may indicate a high turn-over of 335 starch in syncytia.
In the step for amylase formation, in addition to GBSS1 another gene involved in . SBE1 and SBE3 transcript levels were unchanged in syncytia, whereas SBE2 was up-regulated significantly.
As the nematodes are unable to take up the large and insoluble starch granules, 360 starch degradation is essential to make sugars again available to the parasites. The initial steps of starch degradation are regulated by glucan-water dikinase (GWD) and phosphoglucan-water dikinase (PWD) activity (Kötting et al., 2005) . While expression of GWD is considerably up-regulated in syncytia, PWD is weakly expressed or even down-regulated at 5 dai. This supports the concept that starch synthesis, rather than 365 starch degradation, is more pronounced during the early stages of syncytia development. Although intensive research on starch metabolism in recent years has revealed new insights into the complex process of starch degradation, various questions still remain unanswered (reviewed by Lloyd et al., 2005) . Obviously amylases, isoamylases, and pullulanases play a role in starch degradation (Dennis 370 and Blakeley, 2000) . Starch phosphorylase exists in the two isoforms PHS1 and PSH2. PSH1 appears to be dispensable for starch degradation. Zeeman et al. (2002) suggested that PHS1 is important for tolerance against abiotic stress as Atphs1 14 mutants were susceptible for transient water deficiency. Both PHS isoforms, however, were highly regulated during the diurnal cycle and PHS2 is of special 375 interest because it is cytosolic and might play a role in the conversion from starch via maltose into glucose . Both PHS genes were amongst the most highly up-regulated genes in syncytia. Since the function of both genes is still unclear, it is difficult to determine their role in syncytia. It might be related to intermittent water deficiency during feeding cycles. 380
CONCLUSION
The regulation of the starch metabolic pathway is highly complex as no obvious 385 correlations between expression of involved genes, levels of encoded proteins, and fluxes in starch metabolism have been found . In the present study, however, 20 of 56 genes known to be related to starch synthesis and degradation were up-regulated in nematode-induced syncytia indicating the importance of this pathway for the function of the feeding sites. The altered starch 390 metabolism represents a completely new feature of these highly specialized plant structures. It is yet another example of the intriguing co-evolution of plants and sedentary nematodes in which the nematodes have developed a strategy to exploit plant assimilate sources by inducing feeding cells. For gene chip analysis, micro-aspirated syncytial protoplasts collected from 5, 15 and 21 day old syncytia were used. The cytoplasm of syncytia was extracted with a microcapillary and a micromanipulator without contaminations from un-infected root cells or nematodes (Juergensen et al., 2003) . Non-infected root pieces cut from the 445 elongation zone without root tips or lateral root primordia were used as control samples. Sample preparation was performed as published earlier ( Germany) according to the manufacturer's protocols. In order to test biological variability, four samples of control roots and 5 dai syncytia, three samples of 15 dai syncytia and two samples of 21 dai syncytia were hybridized to the chips. Chip raw data are presented as supplemental table III, the complete data set will be published elsewhere. Affymetrix.CEL files (from GCOS 1.2) were imported into the software 455 program GeneSpring version 7.2 (Silicon Genetics) using the RMA normalization preprocessor. Additionally a per gene normalization (normalize to median) was performed. To simulate a Gaussian distribution, the data were log transformed by using the log-of-ratio mode of analysis.
395
MATERIALS AND METHODS
Plant Growth Conditions and Nematode Culture
In order to identify changes in gene expression profiles during syncytium 460 development, pair wise comparisons for the set of 56 genes present on the chip were conducted. We calculated the fold change between two conditions by using the geometric mean of the normalized ratios within each condition. We then excluded genes with a fold change factor less than 1.5 as a further quality control for unreliable genes. Finally, we used the filtered genes for a parametric test comparing two 465 conditions each, coupled with the Benjamini and Hochberg multiple testing correction to control the false discovery rate (FDR) (Benjamini and Hochberg, 1995) .
The significance p-value cut-off was set at 0.1. The significant differences are shown as fold change log 2 -ratio values. Finally, the fold change data were imported into the Carbopac PA20 column (Dionex, Vienna, Austria) using a Dionex ICS3000 chromatography system. The column and the detector were thermostatically 490 maintained at 30°C and glucose equivalents were eluted with 100 mM NaOH at a flow rate of 0.5 mL min -1 .
Microscopy
495
Seeds of A. thaliana (La-er) were grown aseptically as described above and inoculated after two weeks with 100 J2s. After inoculation, the aerial parts of plants were cut off and plates with root systems were kept in darkness. As invasion of plant roots by J2 and their development is not temporarily synchronized, samples for electron microscopic examination, consisting of nematode-induced syncytia and 500 surrounding root tissues as well as attached juvenile, were collected according to the nematode developmental stage and sex at different time points after inoculation.
Dissected samples were immediately immersed in a fixative composed of 2% (w/v) paraformaldehyde and 2% (v/v) glutaraldehyde in 0.05 M cacodylic buffer (pH 7.2) and processed further for embedding and sectioning as described by Golinowski et 505 al. (1996) and Sobczak et al. (1997 Seedlings of a mutant Arabidopsis line lacking the soluble starch synthase 1 510
(At5g24300) Atss1 were tested as described by Delvallé et al. (2005) . To test importance of AtSS1 for nematode development, we compared numbers of juveniles developing on wild type (WS) plants with the number developing on the loss of function mutant. Plants were grown on 0.2% Knop medium without sucrose and reduced nitrogen levels as described above. Twelve-day-old plants with roots of a 515
proper length as estimated according to Jürgensen (2001) were each inoculated with 50 J2s. Two weeks after inoculation plants were screened for developing females and males. Significant differences were calculated using LSD-test.
Supplemental Material 520
The following materials are available in the online version of this article Table I . Genes of the starch metabolic pathway most highly up-regulated in cyst nematode induced syncytia. The table shows normalized values of expression levels on a log 2 scale. The changes were obtained by comparing 5, 15 and 21 day old microaspirated syncytial protoplasts in relation to control roots (con) and displayed as fold change (log 2 ratios) (n = 4 for 5 dai, n = 3 for 15 dai, n = 2 for 21 dai, n = 4 for con). Asterisks indicate significances determined by a Benjamini-Hochberg multiple testing correction (* =q < 10%; ** = q < 5% see Methods section for details). For qPCR syncytia containing root segments were compared to control roots.
Supplemental
TABLES
(Values are means, n = 3).
Chip data qPCR Normalized values (log 2 )
Fold change (log 2 ) Fold change (log 2 ) Synonyms con 5dai 15dai 21dai 5dai q 15dai q 21dai q 5dai 10dai 15dai 20dai Name Function At1g32900 0,15 1,10 2,39 0,94 2.9 ** 4.0 ** 2.6 * 3.6 3.9 3.5 1.1 GBSS1 starch synthase At5g24300 
